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Abstract .......
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The 1200 to 1400 K slow strain rate characteri_ directionally solidified (DS) eutectic

Ni-33A1-31Cr-3 Mo have been determ_a function of growth rate. While differences in

the _al level micro__ere observed in alloys grown at rates ranging from 7.6 to

508 ram/h, compression testing indicated that all had essentially the same strength. The

exception was Ni-33A1-31Cr-3Mo DS at 25.4 mm/h which was slightly stronger than the other

growth velocities; no microstructual reason could be found for this improvement. Comparison

of the -1300 K properties revealed that four different DS NiA1-34(Cr,Mo) alloys have a similar

creep resistance which suggests that there is a common, but yet unknown, strengthening

mechanism.

Introduction

Directionally solidified (DS) systems based on the NiAl-34(at. %)Cr eutectic are under

consideration as possible replacements for Ni-based superalloys exposed to severe temperature,

stress, and environment conditions. The unique microstructures created during directional

solidification, in the form of aligned -1 gm diameter Cr fibers in a NiA1 matrix for NiAI-34Cr

[1] or aligned micron thick alternating NiA1 and ot-(Cr,Mo) lamella in NiAl-(34-x)-xMo (x

>0.6%) [2], result in both good elevated temperature creep strength and reasonable room

temperature toughness [3-9]. In particular the improvement in creep properties is remarkable

compared to those of the constituents: for example the 1300 K - 10.7 s_ strength of DS

NiA1-34Cr is about 100 MPa [3]; whereas polycrystalline NiA1 [10], [100]-oriented NiA1 single

crystals [3,11] and large grain size Cr [12,13] would require only 10 to15 MPa to deform at
these conditions.

Since the early work by Cline and Walter [2] did not report a clear dependency between the

"goodness" of alignmenJ; and mechanical properties for NiAI-34Cr based eutectics,

NiAI-31Cr-3Mo was DS'_dt rates ranging from 12.7 to 508 mm/h and subjected to both room

temperature toughness and elevated temperature slow strain rate compressive testing [6]. The

initial results indicated that 1200 and 1300 K strength properties were similar for all the growth
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rates. This paper extends the preliminary study on the elevated temperature properties of DS

NiAI-31Cr-3Mo as a function of growth rate to include an as-cast alloy, a very slowly grown

eutectic (7.6 mm/h), testing at 1400 K, and a few constant load creep experiments to achieve

slower strain rates. The strength properties of DS NiAI-31Cr-3Mo are examined in light of the

available microstuctural data and are compared to those for other NiA1-34Cr based eutectics.

Lastly, potential mechanisms responsible for the high strength of DS NiAl-(Cr,Mo) eutectics
are examined.

Experimental Procedures

The methods used to produced aligned eutectic bars at directional solidification growth rates

ranging from 7.6 to 508 mm/h are completely discussed in [6,7,14]. Since the original bar

grown at 7.6 mm/h in [6] was significantly off chemistry (28.6AI instead of 33A1), a new bar

--. was DS_'/at this rate utilizing an as-cast rod with the correct composition. Compression

-----specimens were taken from the aligned region of each DSJ bar by wire electrodischarge

machining (EDM). The compression specimens were 8 x 4 x 4 mm in size with the 8 mm

sample length parallel to the growth axis, and they were tested in the as-EDM'ed surface

condition. A set of compression samples was also machined from an as-cast rod (the one

partially utilized for the DS run at 12.7 mrrdh) in order to access the strength improvement from

directional solidification; the long axis of these samples was parallel to the length of the

casting.

Elevated temperature compressive strength properties were mainly determined by constant

velocity testing which was supplemented with a few constant load creep tests. A screw driven

universal testing machine was utilized for constant velocity testing, where samples were

compressed between two solid push bars at 1200, 1300 and 1400 K in air at crosshead rates that

varied from 1.7 x 10 .2 to 1.6 x 10 .6 mm/s. The autographically recorded load - time curves

were converted to true stresses, strains and strain rates via the offset method in combination

with a normalization to the final specimen length and the assumption of a constant volume.

Constant load compressive creep experiments were undertaken in a lever arm creep machine,

where time dependent deformation was determined by measurement of the relative positions of

the ceramic push bars applying the load to the specimen. All the contraction - time data from

creep testing were normalized with respect to the final specimen length and converted into true

stresses and strains assuming that the sample volume was constant.

Results

Materials -- Characterization of the chemistry of the individual as-cast rods and DS bars are

reported in [6,7,14], and the compositional control was very good. Grouping all the bars DS

between 7.6 and 508 mm/h together, the average composition was Ni-33.4A1-31.2Cr-2.9Mo

with standard deviations of 0.6 at % for AI & Cr, and 0.1% for Mo; each bar also contained

about 0.14 % Si and small amounts of C (-0.06%), N (-0.001%) and O (-0.02%). The as-cast

rod, which was compression tested in this study, had the following composition:

Ni-33.3A1-31.1Cr-3.0Mo with 0.013Si-0.07C-0.007N and 0.070. The higher Si content in the

DS rods in comparison to the as-cast bars is probably the result of long exposures during
solidification in crucibles which contained a SiO2 binder.

Transverse microstructural sections of the DSc',{ods illustrated that large diameter lamellar

eutectic grains with sharp boundaries formed (Fig. l(a)) at and below growth rates of 12.7

mrn/h, while at higher velocities N200 p,m diameter cellular structures bounded by relatively

thick intercellular regions developed (Fig. l(b)). The lamellar eutectic grains were composed of



alternatingNiAI andc_-(Cr,Mo)plateswhile thecellscontainedlamellaein aradial-likepattern
whichsomecasesterminatedandin othercasescoarsenedto form theintercellularregions.The
as-castmicrostructuretransverseto the castingdirection is illustratedin Fig. l(c), wherecells
containinga fine pearlitic structurewere surroundedby relativelywide intercellular regions.
Examinationof longitudinal sectionsof the DS rods [6,14] indicatedthat both the lamellar
eutecticgrainsandcellular grainswereram's in length;howeverthe lamellaewerenot always
parallel to the growth direction. Additional details about the microstructuresof DS
NiA1-31Cr-3Mo as a function of growth rate are given in [6] and extensivequantitative
measurementsarepresentedin [14].

Compressive Properties --Examples of the true compressive stress - strain diagrams from 1300

K constant velocity testing and constant load compressive creep curves are presented in Fig. 2.

The stress - strain curves for both the as-cast alloy (Fig. 2(a)) and a DS alloy (Fig. 2(b))

demonstrate rapid work hardening through -1% strain followed by continued deformation at a

more or less constant flow stress or slow strain softening after reaching a maximum stress.

Testing of all the directionally solidified bars of Ni-33A1-31Cr-3Mo between 1200 and 1400 K

and the as-cast alloy at 1200 and 1400 K produced stress - strain curves similar to those shown

in Figs. 2 (a,b). Creep testing of the directionally solidified alloys (Fig. 2(c)) produced normal

_!_ behavior where primary creep was followed by steady state creep. Several DS samples werestep loaded to higher stress levels which did not lead to a normal primary creep respons%

r..... i_hl,, after a load increase, these samples transitioned immediately into steady state creep

//which eventually lead to tertiary creep.

(./Ij_._rec, d )

True flow stress (cy) - strain rate (/0 behavior for the as-cast Ni-33A1-31Cr-3Mo (solid circles)

and all the directionally solidified bars is presented in Fig. 3 as a function of temperature (T).

In these plots the flow stresses taken from constant velocity testing are represented by the stress

at 1% strain from the stress - strain curves (Figs. 2(a,b)), while the flow stresses from creep

testing are arithmetic averages calculated over the steady state regimes (Fig. 2(c)). By visual

inspection directional solidification provides a clear strength advantage over simple casting;

furthermore the elevated temperature strength properties of DS Ni-33AI-31Cr-3Mo do not

appear to be strongly dependent on growth rate.

Examples of the temperature dependence of the true flow stress - strain rate results are

illustrated in Fig. 4. Where appropriate, the c-+-T data for all the alloys were fitted by linear

regression techniques to a temperature-compensated power law,

k= A _"exp(-Q/(RT)), (1)

where A is a constant, n is the stress exponent, Q is the activation energy for deformation and R

is the universal gas constant. The values for A, n, Q and the standard deviations for the stress



exponent(_5,)and activationenergy(50)aswell asthe coefficient of determination (1242) for

each fit are given in Table 1, and the curves in Fig. 4 are the result of such fits. While eqn (1)

can describe the data for each material condition, examination of the fit parameters for

Ni-33AI-31Cr-3Mo DS at rates from 7.6 to 508 mm/h show a wide range in values even though

all seven alloys possess similar strengths at each test temperature (Fig. 3). Because of the

similarity of strength among the versions of Ni-33AI-31Cr-3Mo, this large range in descriptive

parameters is probably an artifact of the least squares approach.

Table 1. Temperature Compensated Power Law Parameters for As-Cast and Directional

Solidified Ni-33A1-31Cr-3Mo.

Growth A, n 8, Q,

Velocity, sj kJ/tool
mm/h

_Q, Rd_ Data points not utilized in the analyses

7.6 1.29 x 104 6.37 0.38 -588.2 38.0 0.977 1200 K > 10 .5 sk & 1300 K - 10 .3 s"l

12.7 9.21 4.43 0.20 -405.1 29.9 0.989 1200K>10_s _, 1300K> 104s l
& 1400 K - 10 .3 s"1

As Cast (12.7) 0.714 4.83 0.33 -374.7 31.8 0.971 1200K- 104s "}& 1300 K- 10"3S "1

25.4 3.05x 103 5.61 0.18 -539.4 24.3 0.991 1200K> 10Ss L & 1300K- 103s z

50.8 5.96x 101 4.88 0.16 -450.0 22.4 0.989 1200 K> 10-5s "t & 1300 K- 104s"

127 1.47x 10 j 4.53 0.35 -475.0 35.2 0.975 1200K> 10_s"

254 2.20x 103 5.58 0.42 -531.2 39.9 0.965 1200 K> 10Ss _ & 1300 K- 10"3s "l

508 4.27 5.58 0.41 -460.1 34.7 0.969 1200 K - 10 .4s "_& 1300 K - 10 .3 s"t

To determine if any one directional solidification growth rate had a strength advantage, the

individual sets of data were tested against each other employing a dummy variable in a multiple

linear regression analyses. The results from these statistical analyses are shown in Fig. 5. Six of

the seven DS rates {7.6,12.7, 50.8,127, 254 and 508 mm/h, open symbols in Fig. (6)} possessed

1200-1400 K compressive properties which could not be separated from one another, where

k = 1000 c 499exp(-487.3/(RT)), (2)

The solid curves in Fig. 5 illustrate the fit of eqn (2), and they can be compared to the behavior

of Ni-33AI-31Cr-3Mo DS at 25.4 mm/h (solid symbols) which demonstrates a small strength

advantage over the other six growth conditions. While the behavior of the 25.4 mm/h alloy is

accurately characterized by n = 5.61 and Q --- -539.4 kJ/mol (Rd 2 = 0.991, Table 1), use of a

dummy variable can force a fit to have the same stress exponent and activation energy as eqn

(2). Thus the behavior of Ni-33AI-31Cr-3Mo DS at 25.4 mm/h can be reflected by a lower

pre-exponent term, where

/_ = 519 cy4"99exp(-487.3/(RT)) (3)

which corresponds to an ~14 % strength advantage, as illustrated by the dashed lines in Fig. 5.

Taken together eqns (2,3) are able to describe the temperature compensated power law

characteristics of Ni-33A1-31Cr-3Mo directionally solidified over a 60 fold range in growth

rates with a Rd2 of 0.947 and 8, = 0.14 and 5Q = 18.1 kJ/mol.

Discussion

Over the current range in testing (Figs. 3,5) the 1200 - 1400 K strength of Ni-33AI-31Cr-3Mo

DS at 25.4 mm/h is statistically slightly better than that observed for slower or faster growth

rates. Comparison of this improvement to the detailed microstructural measurements made on

transverse sections by Raj and Locci [14] and the estimates of the minimum grain/cell length in



the longitudinal/DSgrowthdirection (Fig. 6) donot revealanyobviousmicrostructuralfeature
responsiblefor the increase. Neither the minimum grain/cell length,averagecell diameter,
intercellularregionwidth (areafraction), interlamellarspacingnorNiA1 lamellawidth for the
alloy grownat 25.4 mm/h displayanycharacteristicwhich separatesit from otherDS rates.
Thus,thereasonfor theadditionalstrengthof thealloygrownat25.4mm/his not known;most
certainly,if there is further interestin this alloy system,morebars shouldbe directionally
solidifiedatthis velocityandtestedto confirmthecurrentbehavior.

With regardto the elevatedtemperaturestrengthof NiA1-31Cr-3Mo, the 1200 - 1400 K
compressivedata in Fig. 4 indicate that directionalsolidification doesproducea significant
strengthincreasecomparedto simplecasting. While theseresults,as well those for other
NiAI-34Cr eutecticsw/o Mo additions [3-9], demonstratethat directional solidification is
effective,themechanism(s)for improvementarenot clear. Fig. 7 illustratesthe compressive
propertiesfor severalDS NiAI-(Cr,Mo) alloysat/near1300K, and,eventhoughtheindividual
stressexponentsrangefrom -5.6 to 8.2, the overall behaviorsuggeststhat, to a good first
approximation,NiAI-34Cr, NiA1-33Cr-lMo, NiA1-31Cr-3MoandNiA1-28Cr-6Moall possess
equivalentstrengths Thus, while there are many significant differencesamong theseDS
eutectics[1,2], it appearsthatstrengtheningmighthaveacommonorigin.

Kollura and Pollock [16] have recently appliednumerical analysisto model creep of DS
NiA1-34Crat 1273K, andtheybasicallyconcludedthatcreepparallelto theCr fiber axistakes
placeby plasticdeformationof the NiA1 matrix which transfer loadto elasticCr fibers. As
partialsupportfor thismechanism,theycalculatedmuchhighercreepratesthanthosemeasured
in this eutecticif it wasassumedthat theCr-fiberscreptat arateonehundredthof that for the
NiA1 matrix. Additionally, they cited transmissionelectronmicroscope(TEM) evidence[17]
thatshows(1) theCr fibersweredislocation-freeand(2) no substantialdifferencesin theNiA1
substructureexistedbetweendeformedNiAI-34Cr andsinglephaseNiAI.

Their latter contentionis at oddswith otherobservationsof substructurein NiA1 deformedat
elevatedtemperature,where, for example,it wasdemonstratedthat dopingNiAI with 0.09N
will producea distribution of AIN particleswhich cananchora small subgrainstructure[18].
In fact theA1Nparticlesforcedthematrix to behaveasa constantsubstructurematerialwhich
wasstrongerthansinglephaseNiAl [10,11]andessentiallyfollowed thebehaviorpredictedby
Sherby,et al.[19]with ahigh stressexponent(n _ 8) andactivationenergynearthat for volume
diffusion.If subgrainsdodevelopin NiA1duringtheelevateddeformationof DSNiAI-(Cr,Mo)
eutectics,then theNiA1/c_-(Cr,Mo) interfacesshouldact aspinning pointswhich would force
the subgrainsto beof thesamedimensionasthe lamellathickness(-1 p.m, Fig. 7) and lead to

constant structure strengthening.

Since well developed subgrains have also been found in crept pure Cr [12], one could anticipate

substructure strengthening via pining at Cr(Mo)/NiAI interfaces in the Cr fibers or a-(Cr,Mo)

lamella. However, in view of Kolluru's observation of dislocation-free Cr fibers after 1273 K

creep [17], this might not be the case. While the absence of dislocations was viewed to be

evidence of elastic behavior [16], other interpretations of dislocation-free fibers in deformed

eutectic are possible. For example if Cr offers very little resistance to dislocation motion within

the fiber once the dislocation is through the interface, it could quickly glide across and leave.

The resistance to glide should be equal to the Orowan stress _o which is approximately Gb/1,

where G is the shear modulus, b is the magnitude of the burgers vector and 1 is the fiber

diameter/lamella thickness. From the G,b values for Cr given by Frost and Ashby [20] at 1300

K, Cyo= 24.3/1 Paem which would range from about 8 MPa for a 3 micron diameter/spacing to

50 MPa for a 0.5 micron diameter/spacing. In view of the -1.5 p.m Cr-fiber diameter [3,4], the



lamella thickness (Fig. 6) and the 1300 K strength levels demonstratedfor the DS
NiAI-(Cr,Mo) eutecticsin Fig. 7,thefibers/platesshouldnotrestrictglide.

Thelimitationof Cr-fibersto only elasticdeformationduringelevatedtemperaturecreepof DS
NiAI-34Cr is also drawn into question by several other studies. Examination of 1200 - 1400 K

compressive creep behavior of cryomilled NiA1 containing about 10 vol % Cr [13] indicated

that the strength of these composites followed the Rule-of-Mixtures, where Cr deformed at the

rates described by Stephens and Klopp [12]. A similar observation was made by Venkatesh and

Dunand [21], who studied the elevated temperature compressive properties of continuous,

unidirectional W-wires imbedded in NiA1, and they found that the creep strength of composites

containing from 5 to 20 vol % W could be described by the Rule-of-Mixtures. Lastly by

analogy to W wire, one would expect substructure free Cr-fibers to be relatively weak and

prone to deformation since recrystallization of worked W-wires has been shown to severely

reduce their creep strength [21, 22].

Clearly, there is a need for detailed TEM studies of creep deformed directionally solidified

NiAI-(Cr, Mo) eutectics to increase our understanding of deformation and strengthening in these

materials. In reality, very little is known about dislocation structures in any of these alloys. To
date the available information consists of the observation of an interfacial network of

dislocations [3,5,23,24] to accommodate the semi-coherent interface between NiAI and

a-(Cr, Mo) in as-grown eutectics and the citation of no unusual substructure in NiAI nor

dislocations in Cr-fibers in crept NiA1-34Cr [16]. Any future effort to examine the behavior of

DS NiAI-(Cr, Mo) at elevated temperature should include a commitment for a thorough TEM

analysis.

Summary of Results

Elevated temperature compressive flow strength - strain rate properties of Ni-33A1-31Cr-3 Mo

between 1200 and 1400 K have been measured for alloys directionally solidified at rates

ranging from 7.6 to 508 mm/h. All the eutectics possessed statistically alike strength levels

except for the alloy grown at 25.4 mm/h which was slightly stronger. While the microstructure

was dependent on the growth rate, no microstructual reason could be found for this

improvement. Comparison of the -1300 K strengths of four directionally solidified

NiAI-(Cr,Mo) eutectics indicates that the properties were essentially independent of Mo content
between 0 to 6 at. %.
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Figure Captions

Fig. 1. Transverse light optical, unetched microstructures of the eutectic alloys. (a) Ni-33,3A1-

31.2Cr-2.9Mo directionally solidified at 7.6 mm/h, (b) Ni-33.9Al-30.SCr-2.9Mo directionally

solidified at 50.8 mm/h and (c) as-cast Ni-33.3A1-31.1Cr-3.0Mo

Fig. 2. Typical true compressive stress - strain curves for Ni-33A1-31Cr-3Mo at 1300 K as a

function of the nominally imposed strain rate. (a) as-cast Ni-33.3AI-31.1Cr-3.0Mo and (b)

Ni-33.0AI-32.2Cr-3.0Mo directionally solidified at 12.7 ram/h, and typical 1300 K and 1400 K

compressive creep curves as a function of engineering stress for Ni-33.9AI-30.8Cr-2.9Mo

directionally solidified at 50.8 mm/h. The set of open and filled symbols in (b) represent data

from near duplicate test conditions.

Fig. 3. True compressive flow stress - strain rate behavior for Ni-33Al-31Cr-3Mo as a function

of the directionally solidification growth rate at (a) 1200 K, (b) 1300 K and (c) 1400 K.

Fig. 4. True compressive flow stress - strain rate - temperature behavior for (a) as-cast

Ni-33.3A1-31.1Cr-3.0Mo and (b) Ni-33.9AI-30.SCr-2.9Mo directionally solidified at 50.8

mm/h. Data points from constant velocity testing are shown as open symbols, while constant

load creep test results are given as solid symbols.

Fig. 5. Comparison of the true compressive flow stress - strain rate - temperature properties of

Ni-33A1-31Cr-3Mo directionally solidified at 7.6, 12.7, 50.8, 127, 254, and 508 mm/h (open

symbols) with those for the alloy grown at 25.4 mm/h (filed symbols).

Fig. 6. Estimated grain/cell lengths, average cell diameter, intercellular region width,

interlamellar spacing, NiA1 plate thickness and area fraction of the intercellular region for

directional solidified Ni-33AI-31Cr-3Mo as a function of growth rate. Intercellular regions

were not formed in the alloys directionally solidified at 7.6 and 12.7 mm/h and the grain

diameters for these two conditions were > 1 ram.

Fig. 7. Comparison of the compressive flow stress - strain rate properties of several

directionally solidified NiAI-34Cr based eutectics with/without Mo additions at/near 1300 K
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